We previously developed an artificially constructed promoter that was activated in response to X-ray irradiation in LNCap, a prostate cancer cell line. Anticancer drugs were examined to see whether some of them could stimulate the activity of the promoter. It was found that doxorubicin (Dox) treatment to LNCap transfected with a gene cassette of the luciferase gene under control of the promoter-enhanced luciferase activity in a dose-dependent manner, indicating that the promoter could be controlled by Dox. When the luciferase gene was replaced with the fcy::fur gene whose product facilitates conversion of 5-fluorocytosine into 5-fluorouracil that is highly toxic, Dox stimulated the expression of the gene product, resulting in facilitation of cell killing effect in the presence of 5-fluorocytosine. These results suggest that therapeutic gene expression controlled with an anticancer drug may lead to a more effective cancer therapy with less hazardous side effects.
INTRODUCTION
Prostate cancer is one of the most common types of cancer in men and a leading cause of cancer death. 1 Against prostate cancer, endocrinotherapy is very effective. 2 However, anticancer drugs are needed for recurrent prostate cancer treatment that is resistant to the therapy. In the case of recurrent prostate cancer treatment, docetaxel (Doc) is the drug of prime choice based on data gathered by two recently completed large-scale randomized studies. 3, 4 However, anticancer drug treatment does not have much success with recurrent prostate cancer. A few months of life extension by the treatment would not be very satisfactory. Innovative combinations of drugs have been applied as another approach, resulting in an improved but still limited outcome. One reason for this is probably because of the hazardous side effects due to low specificity of these drugs. Therefore, developments of more specific remedies are needed. 5 We previously developed artificially constructed promoters responsive to radiation stimulation in prostate cancer cells and reported our attempts to use them for artificial regulation of gene expression in vitro and in vivo. 6 These promoters were constituted with randomly combined cis-elements of transcription factors that are activated in response to radiation in prostate cancer cells and are linked to a DNA fragment containing the TATA box signal. The most actively responsive promoter was designated clone 880-8 that was also activated in a living body by radiation. Oxidative stress was suggested to be involved in the activation as the activation was suppressed in the presence of anti-oxidants. It was pointed out that many of these anticancer drugs create conditions associated with oxidative stress. We thus considered that such drugs might be used to control gene expression mediated with clone 880-8 promoter, possibly leading to a novel cancer remedy for a combination of chemotherapy and gene therapy that can be more safe and effective.
The promoter of the egr-1 gene encoding for a zinc-finger transcription factor could be a useful tool for radiogenetic therapy, 7 as it is responsive not only to growth factors and cytokines, 8, 9 but also radiation stimulation. 10 As this promoter is activated in response to hydrogen peroxide stimulation, oxidative stress is considered to be involved in the mechanism. 11 In addition, activities of this promoter and its derivatives could be controlled by anticancer drug cisplatin (Cis) or doxorubicin (Dox), suggesting application of the promoter for a novel cancer therapy. 12, 13 Quiñ ones and co-workers 14 showed that mitomycin-C (Mmc), methylmethane sulfonate, 4-nitroquinoline oxide, MNNG (N-methyl-N 0 -nitro-N-nitrosoguanidin), topotecan, resveratrol and vincristine were also anticancer agents that stimulate the egr-1 promoter activity. They concluded that genotoxic stress and mitotic stress by the drugs might be triggering the promoter activation. These results suggest that there are signal-transduction pathways stimulated commonly by radiation and anticancer drugs, leading to activation of the promoter.
Prostate cancer is a particularly suitable malignancy to study as a target for gene therapy, because of some of its features. The prostate gland is easily accessible by transurethral, transperitoneal and transrectal approaches for the intratumoral administration of a therapeutic gene. 15 In this study, we examine reactivity of clone 880-8 promoter to anticancer drugs just as the one that the egr-1 promoter was shown to be controlled by some of these drugs. Successfully using a reactive promoter to the drugs, a combination strategy of gene therapy and chemotherapy, is likely to result in an improved therapeutic outcome that will eventually contribute to patients' quality of life. It is therefore the major aim of this study to examine possibility of clone 880-8 promoter that could be used for such a strategy.
MATERIALS AND METHODS

Cells and bacteria
A human prostate carcinoma cell line, LNCap, was purchased from the Health Science Research Source Bank (Tokyo, Japan). Cells were grown and maintained in RPMI 1640 medium supplemented with 10% fetal calf serum and appropriate antibiotics at 37 1C in a humidified 5% CO 2 atmosphere.
The DH5a strain of Escherichia coli (Nippon Gene, Toyama, Japan) was used for the DNA manipulation experiments. The E. coli cells were grown in LB medium at 37 1C. All medium compositions were purchased from BD Diagnostics (Sparks, MD). DNA manipulation experiments with E. coli were performed according to the methods described by Sambrook and Russell. 16 Constructions of clone 880-8 promoter Clone 880-8 is an artificially constructed promoter reactive to radiation, increasing the expression of connected luciferase gene up to 10.4-fold 12 h after X-ray exposure at 10 Gy. Concrete processes to construct the promoter were described elsewhere. 6 In brief, a promoter probe vector, pGL3-DU-TATA, was constructed by cloning a polymerase chain reaction (PCR)-amplified DNA fragment containing the TATA box signal out of the human heme oxygenase I gene promoter into upstream of the luciferase gene of pGL3-Control (Promega, Madison, WI). Equimolar amount of synthesized cis-elements of transcription factors that is responsive to radiation in prostate cancer cells, including NF-kB (5
and Nrf-2 (5 0 -tgctgagtca-3 0 ) in addition to 1/100 molar amounts of DNA fragments containing recognition sequences of HindIII and KpnI restriction enzymes, were randomly ligated. After the ligated fragments were digested with HindIII and KpnI, the resultant sequences were then cloned into the HindIII and KpnI sites of pGL3-DU-TATA that is immediate upstream of the TATA box signal, constructing 28 plasmids making up a promoter library. These plasmids were then transduced into LNCap cells and subjected to radiation stimulation. We chose the most reactive one showing 6.7-fold enhancement of luciferase activity 48 h after 10 Gy X-ray irradiation, designated as clone 880 promoter. Sequencing analysis showed this was 386 nucleotides in length and consisted of two NF-kB cis-elements, one Oct-1 cis-element, four p53 cis-elements and three Nrf-2 cis-elements, but no AP-1 cis-element. In the next step, random mutations were introduced into a DNA fragment containing clone 880 promoter by error-prone PCR, generating 30 mutated derivatives. After screening for the reactivity of the derivative promoters to radiation, clone 880-8 was chosen as the best promoter of all, showing 10.4-fold enhancement in response to 10 Gy X-ray irradiation. The chosen promoter was found to carry four point mutations. Sequence data of clone 880 and clone 880-8 were registered to GenBank under accession numbers of HQ418221 and HQ418222, respectively.
Recombinant retrovirus production and infection
A retrovirus generation vector, pRetroQ-AcGFP1-N-1, was purchased from Takara Bio (Otsu, Japan). The luciferase gene was obtained via PCR using pGL3-Control (Promega) as a template with a pair of primers of 5 0 -cgcgg gcccaccatggaagacgccaaaaa-3 0 (containing a SmaI site as a tag) and 5 0 -cc tgaattctatcttatcatgtctgctcg-3 0 (containing an EcoRI site as a tag). After digestion with EcoRI and SmaI, the amplified fragment (the luciferase gene) was purified and ligated into the EcoRI and SmaI sites of pRetroQAcGFP1-N-1, constructing a new plasmid designated pRetroQ-luc by replacing the GFP gene with the luciferase gene. Clone 880-8 promoter was amplified via PCR using pGL3-880-8-DU as a template with a pair of primers of 5 0 -ggagctcttacgcgtgctac-3 0 (containing a BglII site as a tag) and 5 0 -tcttccagcggatagaatgg-3 0 (containing an NcoI site as a tag). After digestion with BglII and NcoI, the PCR product was purified and inserted into the BglII and NcoI sites of pRetroQ-luc, creating a new plasmid, pRet-880-8-luc. A DNA fragment containing the SV40 promoter was also amplified via PCR using pGL3-Control as a template with a pair of primers of 5 0 -cgcagatctcatctcaattagtcagcaac-3 0 (containing a BglII site as a tag) and 5 0 -gcgggatcctttgcaaaagcctaggcctc-3 0 (containing an NcoI site as a tag). After digestion with BglII and NcoI, the PCR product was purified and inserted into the BglII and NcoI site of pRetroQ-luc, creating a new plasmid, pRet-SV40-luc, that was used as a control vector.
To construct recombinants expressing a suicide gene, the fcy::fur fusion gene encoding cytosine deaminase and uracil phosphoribosyl-transferase, a DNA fragment containing the fcy::fur fusion gene with the flag tag sequence (N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C) was obtained via PCR using a plasmid, pORF5-Fcy::Fur (InvivoGen, San Diego, CA), as a PCR template with a pair of primers of 5 0 -ggctctagattatttagtagtatctgtccc-3 0 (an XbaI recognition site and a flag tag coding region in addition to a stop codon was attached to the 5 0 terminus) and 5 0 -gagacagaggagaccatggtcac-3 0 (an NcoI recognition site was included). After digestion with XbaI and NcoI, the PCR products (a fcy::fur fusion gene fragment) was purified. The fragment was inserted into the XbaI and NcoI sites of pRet-880-8-luc to construct a new plasmid, pRet-880-8-fcy::fur, by replacing the fusion protein gene with the luciferase gene, and another plasmid expressing the fcy::fur fusion gene under control of the SV40 promoter for a control recombinant virus was similarly constructed by replacing the PCRamplified fusion gene fragment with the luciferase gene of pRet-SV40-luc to create a new plasmid, pRet-SV40-fcy::fur.
In all, 100 000 AmphoPack293 cells (Takara Bio) were seeded onto a 60 mm collagen-coated cell culture dish and the following day they were transfected using CalPhosTM Mammalian Transfection Kit (Takara Bio) with the 10 mg of pRet-880-8-luc. The virus-containing conditioned medium was collected 48 h after transfection and passed through 0.45 mm filter to remove debris. Polybrene (Sigma-Aldrich, St Louis, MO) was added to the filtered medium at the final concentration of 7.0 mg ml À1 . This prepared solution was used as a virus source to infect 1 Â 10 6 LNCap cells. Infected cells were concentrated by puromycin treatment at 0.5 mg ml À1 to which infected cells were resistant, thus establishing a stably transfected cell line, LNCap-880-8-luc. A control cell line, LNCap-SV40-luc, was similarly constructed with pRet-SV40-luc and served as a control cell line.
Similar recombinant retroviruses were constructed and infected LNCap cells to establish stably transfected cell lines expressing the fcy::fur fusion gene under controls of clone 880-8 and SV40 promoters, LNCap-880-8-fcy::fur from pRet-880-8-fcy::fur and LNCap-SV40-fcy::fur cells from pRet-SV40-fcy::fur, respectively. Drug treatment and single luciferase assay corrected with protein concentration of cell lysate
We examined six anticancer drugs that can be a choice for prostate cancer treatment, including Mmc, paclitaxel (Wako Pure Chemical Industries, Osaka, Japan), Dox, Cis, ifosfamide (Ifo), Doc (Sigma-Aldrich), 5-fluorocytosine (5-FC; Sigma-Aldrich) and 5-fluorouracil (5-FU; SigmaAldrich). These drugs were dissolved in dimethylsulfoxide at high concentrations (more than 1000 times to ones applied for the Figure 1 experiment) as stock solutions and stored at À20 1C. They were used for the treatment of cells after being diluted in cell growth medium to appropriate desired concentrations.
Cells were treated with anticancer drugs by changing medium with one containing different kinds and various concentrations of drugs and incubated at 37 1C for 15 min. Cells were then washed three times with fresh medium and incubated again at 37 1C. At various times after drug treatment, the medium was removed and 400 ml of passive lysis buffer from the Dual Luciferase Assay Kit (Promega) was added to lyse the cells by shaking for 15 min at an ambient temperature on a platform shaker. A volume of 10 ml of cell lysate supernatant was mixed with 50 ml of luciferase assay reagent II of the kit to measure the luminescence generated by the firefly luciferase. Total protein concentration was assayed by Bradford method using Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA). A luciferase expression value in a sample was corrected with protein concentration of the sample.
Quantitative real-time PCR
For evaluation of mRNA expression, quantitative real-time PCR was performed. Total RNA was collected from adherent tissue culture cells using RNeasy Mini Kit (Qiagen KK, Tokyo, Japan) with treatment with DNase I according to the manufacturer's instructions. cDNAs were synthesized with the extracted RNA as templates, using PrimeScript RT reagent Kit (Takara Bio) according to the manufacturer's instructions. Gene expression analysis was performed by Mx3000P QPCR System (Agillent Technologies, Santa Clara, CA) using the synthesized cDNA. Quantitative PCR measurement by real-time monitoring of SYBR Green integration into synthesized DNA was executed during a process of shuttle PCR: incubation at 95 1C for 10 s, and then 40 thermal cycles for reactions at 95 1C for 10 s and at 60 1C for 40 s, followed by reactions at 55 1C for 30 s and 95 1C for 30 s with SYBR Premix Ex Taq II (Takara Bio). After the shuttle PCR process, dissociation temperature of the synthesized DNA fragments were also observed by monitoring the release of SYBR Green from denatured DNA for confirmation of the integrity of the synthesized DNA fragment. The primer used for PCR reaction was selected by exploratory experiment from candidate primers designed by Primer 3 (v. 0.4.0) (http://frodo.wi.mit.edu/primer3/). We used two primer pairs, 5 0 -ttgatgagagaccccaggac-3 0 and 5 0 -tccacaatctgcttctgcac-3 0 , to detect fcy::fur expression and, 5 0 -gagtcaacggatttggtcgt-3 0 and 5 0 -ttgattttggagggatctcg-3 0 , glyceraldehyde-3-phosphate dehydrogenase expression. Relative standard curves representing several 10-fold dilutions of cDNA from a representative sample were used for linear regression analysis for other samples.
Western blot analysis
Various times after drug treatment, cells were harvested and lysed in RIPA buffer containing protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). Cell lysate samples containing 30 mg of protein from LNCap-880-8-luc cells, LNCap-880-8-fcy::fur cells or LNCap-SV40-fcy::fur cells were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Fractionated proteins transferred on to nitrocellulose film were analyzed using ANTI-FLAG M2 monoclonal antibody as the primary antibody (SigmaAldrich) and goat anti-mouse IgG antibody conjugated with horseradish peroxidase as the secondary antibody (Millipore, Billerica, MA). Protein expression was visualized using ECL Western Blotting Detection Reagents (GE Healthcare UK, Buckinghamshire, UK) and the image was captured with LAS-4000 luminescence imaging analyzer (Fujifilm, Tokyo, Japan).
Cytotoxicity enhancement with enhanced suicide gene expression by Dox treatment
A stably transfected cell line treated with Dox at 5 mM for 15 min and after the cells were washed three times in fresh medium, the cells were collected. Each well of a 96-well plate was seeded with 2.5 Â 10 4 of the cells in 50 ml medium. A measure of 50 ml of medium containing 5-FC at concentrations of 0, 2, 20 and 200 mM (so that the final concentrations of 5-FC are 0, 1, 10 and 100 mM, respectively) and the plates were incubated again at 37 1C for 24 h. After this period of incubation, the medium containing 5-FC was changed with fresh growth medium without 5-FC and incubated at 37 1C for 24 h. After addition of 10 ml WST-1 dye of Cell Counting Kit (Dojindo Laboratories, Kumamoto, Japan) to each well followed by incubation at 37 1C for 2 h, absorbance at 450 nm of the medium was measured as an indicator for viable or surviving cells with a microplate reader (Model 550; Bio-Rad Laboratories). Absorbance of the medium in a well without cells was also measured as a background that was subtracted from the measured absorbance of each well. The results were expressed as percentages of survival cell fraction (SC) calculated using the following formula: SC (%) ¼ 100 Â AS/AC, where AS is absorbance of a sample at 450 nm and AC is absorbance of the control at 450 nm. The control was obtained with identically cultured cells without 5-FC treatment.
Statistical analysis
All values are expressed as means±standard deviations. Differences were assessed with the Student's unpaired t-test. For comparison of more than two groups, one-way analysis of variance was used. Statistical significance was established at a value of Po0.05.
RESULTS
Responses of clone 880-8 to anticancer drugs
Clone 880-8 is a promoter responsive to radiation with the detailed mechanism; although considered unknown, oxidative stress was suggested to be involved. 6 We thus investigated whether anticancer drugs that could induce oxidative stress in treated cells enhance clone 880-8 activity.
LNCap was transduced with the luciferase gene under control of clone 880-8 promoter by recombinant retrovirus vector, designated LNCap-880-8-luc. Six kinds of anti-cancer drugs including Dox, Cis, Ifo, Doc, Mmc and paclitaxel that could be choices for prostate cancer therapy in addition to two control drugs 5-FC and 5-FU were used to treat the cells. Concentrations of the drugs to treat cells were determined referring to their blood concentrations in patients when administered at their respective recommended clinical doses. Cells were treated with Dox at 1, 10 and 100 mM, Cis at 2, 20 and 200 mM, Ifo at 10, 100 and 1000 mM, Doc at 0.1, 1 and 10 mM, Mmc at 1, 10 and 100 mM, paclitaxel at 1, 10 and 100 mM, 5-FC at 1, 10 and 100 mM and 5-FU at 1, 10 and 100 mM for 15 min. Cells were incubated at 37 1C for 12 h and subjected to luciferase assay. Ifo, Doc, paclitaxel and 5-FC did not enhance the luciferase activity compared with that of LNCap-880-8-luc cells without drug treatment. In addition, although Mmc at 100 mM and 5-FU at 100 mM significantly increased luciferase activities, the values were minimal (1.34 ± 0.05-and 1.27 ± 0.11-fold, respectively). However, Dox increased luciferase activity up to 4.2-and 5.7-fold after treatments at 1 and 10 mM, respectively. When cells were treated with Dox at 100 mM, luciferase activity did not increase, but rather decreased. This may be because treatment with overdose of the drug affected cellular function for gene expression. Cis treatment also enhanced luciferase activity up to about 3.8-fold at 200 mM (Figure 1 ).
Activation of clone 880-8 by Dox
First, activation of clone 880-8 by various doses of Dox was investigated. When LNCap-880-8-luc cells were treated with 0, 1, 2, 3, 4, 5, 10 and 20 mM Dox for 15 min, luciferase activities increased as the concentration increased up to about 9.2 ± 0.08-fold at 5 mM and then it gradually decreased (Figure 2a) . As shown in Figure 2b , treatment time affected luciferase activity in LNCap-880-8-luc similar to those by concentration. When the cells were treated with Dox at 5 mM, luciferase activity increased in a treatment timedependent manner up to 15 min, showing a peak of 8.9±0.22-fold compared with luciferase activity in LNCap-880-8-luc without Dox treatment. Luciferase activity gradually decreased as treatment time is more than 15 min and luciferase activity showed almost no enhancement when cells were treated with the drug for 60 min, suggesting that overstimulation of cells with Dox may disrupt the gene expression machinery. When LNCap-SV40-luc was treated with Dox at 5 mM for 15 min, luciferase activities were not significantly different over time (data not shown).
We then examined kinetics of luciferase activity after Dox treatment at 5 mM for 15 min. Enhancement was clearly detectable 8 h after treatment and it further increased up to 8.9±0.35-fold at the peak of 12 h after treatment. Although the activity then gradually decreased, it still showed about 1.9±0.06-fold of that observed without drug treatment even at 72 h after treatment. It was mainly regulated at the transcription level as we confirmed that the luciferase transcript increased up to 30-fold 12 h after Dox treatment at 5 mM (data not shown). Further, the luciferase enhancement by Dox treatment was suppressed dose-dependently with D-mannitol, an anti-oxidant, when it was added to cell culture immediately after the Dox treatment (Figure 2d ), suggesting that oxidative stress is involved in the enhancement process.
Facilitation of cell killing effect by gene regulation with Dox treatment Another recombinant retrovirus was constructed by replacing the luciferase gene with the fcy::fur gene that is a fusion gene whose product metabolizes 5-FC to 5-FU and facilitates the integration of 5-FU into the genome. It was transduced into LNCap cells to establish LNCap-880-8-fcy::fur. Levels of the fcy::fur transcripts detected with real-time PCR were shown to reach to its peak of about 11.5-fold enhancement 8 h after 5 mM Dox treatment for 15 min. It decreased thereafter, but even 36 h after drug treatment, it still showed about fourfold enhancement to that without drug treatment (Figure 3a ). The Fcy::Fur protein synthesis was detected by immunoblotting. According to the data shown in Figure 3b , the protein was expressed to some extent without stimulation. However, increased amount was detectable from 6 h after Dox stimulation. It reached to its peak 12 to 24 h and even 48 h after Dox stimulation, the level of the protein still retained enhancement. On the other hand, the fcy::fur gene driven by the SV40 promoter showed constant amounts of enzyme proteins regardless of Dox treatment.
Lastly, we evaluated in vitro enhancement of cell killing effect by combination of Dox treatment and fcy::fur prodrug treatment. LNCap-880-8-luc cells cultured in the absence of 5-FC in the medium, 2 mM Dox decreased cell viability to 56.0 ± 2.1% and 5 mM to 37.2±1.5% at 48 h after Dox treatments. On the other hand, in the case of LNCap-880-8-fcy::fur cells, 2 mM Dox treatment decreased cell viability to 55.1 ± 4.5% and 5 mM treatment to 39.8 ± 1.6% at 48 h after Dox treatment, indicating that either recombinant cell line was not different from each other in their sensitivity to Dox (data not shown).
When 5-FC was added to culture medium of LNCap-880-8-luc cells up to 100 mM, cell viability was not significantly changed regardless of Dox treatment (Figure 3c ). In contrast, when 5-FC was added to the culture medium of LNCap-880-8fcy::fur cells, cell viability was significantly decreased in a dose-dependent manner (Figure 3d ). When the cells were stimulated with 2 mM Dox, 5-FC addition of more than 1 mM caused a significant and dosedependent viability decrease and 100 mM 5-FC diminished the viability to 41.5 ± 5.3% of that of 2 mM Dox-treated LNCap-880-8-fcy::fur cells without 5-FC. When stimulated with 5 mM Dox, 5-FC addition of more than 1 mM decreased ratio of the viability to less than that observed with 2 mM Dox-treated LNCap-880-8-fcy::fur cells in the presence of the same concentration of 5-FC. The addition of 5-FC at 100 mM in the medium was shown to facilitate the decrease in the viability to 23.1 ± 1.2%, clearly showing 
